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Abstract: We report on a multi-mJ 2.1-m OPCPA system operating at a 1-kHz repetition rate, 
pumped by a picosecond cryogenic Yb:YAG pump laser, and the phase-matched high-flux high-
harmonic soft X-ray generation.  
OCIS codes: (190.4970) Parametric oscillators and amplifiers, (340.7480) X-rays, soft x-rays, extreme ultraviolet (EUV), 
(320.7090) Ultrafast lasers 
 
1. Introduction 
High-order harmonic generation (HHG) with long-wavelength drive pulses [1] has been proven to be the most 
reliable way of extending the photon energy of coherent attosecond harmonic pulses to water-window soft X-ray 
(280-520 eV) [2,3] and even hard X-ray regions [4]. However, since the HHG efficiency in the single-atom response 
unfavorably scales with driving wavelength, i.e., -(5-6), mostly governed by quantum diffusion of electron 
trajectories, the phase matching between the driving pulse and the generated harmonics is very important for 
avoiding an additional efficiency drop. In general, multi-mJ pulse energy is required to avoid the phase mismatch 
induced by the Guoy phase shift. High gas pressures in the interaction region are also important for the phase 
matching in Ne and He atoms used for the largest cutoff extension. Optical parametric amplification (OPA) and 
optical parametric chirped pulse amplification (OPCPA) techniques have enabled to generate long-wavelength 
driving pulses at 1.3-4 m. Recently, phase-matched HHG with an efficiency of ~10-8 covering the water window 
range was experimentally demonstrated [3] using a 10-Hz, 2.4-mJ, 2-m OPA source pumped by a Ti:sapphire laser. 
However, the generated XUV photon number per second is still as low as ~6x10
7
 over the entire water window range, 
limiting potential applications. Increasing the repetition rate to kHz is a clear approach for increasing soft X-ray 
photon flux by orders of magnitude. Ishii et al. [5] used a kHz multi-mJ, few-cycle 750-nm OPCPA system to 
generate soft X-ray harmonics with a cutoff of ~300 eV just into the water window region, but the efficiency sharply 
dropped even before the cutoff while the photon flux was not reported.  
      In this paper, we report on a kHz multi-mJ OPCPA at 2.1 m for the phase-matched HHG in the water window 
region towards a flux of ~10
8
 photons/s/1% bandwidth (or ~10
10
 over the entire water-window region). First, we 
describe the development of an OPCPA pump laser based on a kHz, picosecond cryogenic Yb:YAG amplifier 
generating up to 42 mJ after compression. Second, we scale up the energy of our OPCPA system from 0.85 mJ [6] to 
2.6 mJ using this pump laser. And then, we will discuss the results of soft X-ray HHG driven by this high-energy 
2.1-m source. 
 
2. OPCPA pump laser based on cryogenic Yb:YAG multi-stage chirped-pulse amplifiers 
Although the OPCPA technology is generally accepted as a more energy-scalable method than OPA, energy scaling 
at high repetition rates in the kHz range is a nontrivial task without a suitable picosecond pump source. Since such 
task was ultimately limited by the picosecond Nd:YLF laser technology, new pump laser technologies based on 
Yb:YAG gain medium have been explored. Metgzer et al. [7] developed a 25-mJ ~1-ps thin-disk Yb:YAG amplifier 
at 3 kHz, which recently enabled the generation of 1.2 mJ, 2.1 m pulses at 3 kHz [8]. In the other hand, Hong et al. 
[9] have demonstrated 40 mJ of amplification of uncompressed pulses at 2 kHz from a picosecond cryogenic 
Yb:YAG chirped pulse amplifier (CPA). A modified cryogenic Yb:YAG laser with 15 mJ of compressed output 
energy was used for pumping a 0.85-mJ, 2.1-m OPCPA system [6]. In this paper, we further upgrade this pump 
laser using an additional amplifier stage and generate 42-mJ, 17-ps pulses (56 mJ of energy before compression) at a 
1-kHz repetition rate. 
      The system configuration is illustrated in Fig. 1(a). The seed from the Ti:sapphire oscillator, which also provides 
the seed for the OPCPA stages, is stretched by a chirped volume Bragg grating (CVBG) pair to ~560 ps with 0.7 nm 
of bandwidth at 1029 nm, and then amplified by a regenerative amplifier and a two-stage multipass amplifier that are 
both based on cryogenically cooled Yb:YAG as gain medium. We used a 1% doped 10-mm-long Yb:YAG crystal in 
the first (2-pass) amplifier and a 2% doped 20-mm-long crystal in the second (single-pass) amplifier. Each crystal is 
cooled by liquid nitrogen in a vacuum chamber connected to liquid nitrogen auto-refilling systems. The maximum 
energies from the first and second amplifiers are 30 and 56 mJ, respectively, with excellent beam profiles as shown 
in Fig. 1(b) and (c) where the fringes are measurement artifacts. The pump powers from two 940-nm laser diodes at 
the maximum output energy are both ~240 W. The amplified pulse is compressed to 17 ps using a multi-layer 
dielectric grating pair with a throughput efficiency of 75%, delivering a maximum compressed energy of 42 mJ. To 
our best knowledge, this is the highest energy demonstrated from a picosecond laser system at kHz repetition rates. 
 
      
 
Fig. 1 High-energy picosecond cryogenic Yb:YAG pump laser operating at 1 kHz repetition rate composed of a regenerative 
amplifier and 2-stage multipass amplifier (a). The near-field beam profiles from the first 2-pass amplifier (b) and the second 
single-pass amplifier (c) show a near-Gaussian shape, where the fringes are measurement artifacts.  
 
3. 2.1-m OPCPA and soft X-ray HHG  
 
In the previous reports [6,10], we have developed a kHz, 0.85-mJ, 2.1-m ultrabroadband OPCPA system, pumped 
by two independent picosecond lasers: 1) 1047 nm Nd:YLF amplifier and 2) 1029 nm cryogenic Yb:YAG amplifier. 
For the multi-mJ 2.1-m pulse amplification, we maintain the same configuration except for the much higher energy 
from the Yb:YAG pump laser, the main power pump source. The schematic diagram of the OPCPA system is 
depicted as Fig. 2. Both pump lasers are seeded by one Ti:sapphire laser for achieving optical synchronization. The 
Nd:YLF chirped-pulse amplifier (CPA) pumps the first two pre-OPCPA stages. The required and used pump energy 
for the first two stages of the OPCPA was 1.9 mJ out of 4 mJ. The 42-mJ cryogenic Yb:YAG laser pumps the final 
OPCPA stage for power amplification.  
      The ultrabroadband 2.1-m pulse is generated from the intrapulse difference-frequency generation (DFG) and 
stretched by an anti-reflection (AR) coated silicon (Si) block (~5 ps) and AOPDF (~9 ps) before being amplified in 
the first and second OPA stages. Ultrabroadband amplification is achieved by means of the degenerate OPA in PPLN 
and PPSLT crystals. The details of the first two OPA stages are described in Ref. [10]. The ~25 J pulse from the 
second OPA stage is further stretched to ~17 ps by another AR coated Si block and then amplified in a 5-mm-long 
type I BBO crystal. After optimization in the third OPA stage, we obtained a maximum energy of 2.6 mJ with good 
spatial beam quality at the third stage with a gain of ~100 at a pump intensity of 30-50 GW/cm
2
. To minimize the 
pump beam instability due to air fluctuations, we installed a pointing stabilizer for the Yb:YAG pump beam. The 
spectral bandwidth is 370 nm centered at 2.1 m and the compressed pulse duration is ~45 fs, measured using an 
interferometric autocorrelator. It should be noted that the carrier-envelope phase (CEP) of the 2.1-m pulses is 
passively stabilized [10], but the CEP stability was not measured because of the long pulse duration of 6.5 cycles.  
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Fig. 2 Optical layout of the ultrabroadband 2.1-m 3-stage OPCPA system. 
     
      We delivered the 2.1-m pulses into a HHG chamber and focused the pulses at a gas target. Figure 3 shows an 
example of 2.1-m-driven HHG [11] in an Ar gas jet with a pressure of 70 mbar at the interaction region. We 
demonstrated a cutoff extension to 160 eV in Ar with a photon flux of 0.8x10
8
 photons/s/over 1% bandwidth at 130 
eV using 0.4-mJ driving energy. Since the gas jet does not support pressures of Ne and He high enough for phase 
matching in the water window region, we have developed a gas cell as well as a hollow fiber target. These target 
systems were tested for HHG with a Ti:sapphire laser amplifier. Currently, 2.1-m-driven HHG experiments with Ne 
and He gases using both the gas cell and the hollow fiber are in progress. The cutoff extension to the water window 
region with a flux of more than 10
8
 photons/s/over 1% bandwidth is expected. The detailed characterization of the 
high-flux soft X-ray HHG will be presented. 
 
 
Fig. 3 Experimentally measured HHG spectrum from Ar gas 
jet. The blue and red curves show the measurements with Be 
and Zr filters, respectively. (pressure of ~70 mbar, intensity 
of (1.7±0.2)x1014 W/cm2, efficiency of ~2x10-9 at ~130 eV, 
XUV flux: 0.8x108 photons/s/1% bandwidth) 
 
 
 
 
In summary, we developed a multi-mJ, kHz, 2.1-m OPCPA, pumped by a 42-mJ picosecond cryogenic Yb:YAG 
amplifier, which is suitable for the high-flux phase-matched soft X-ray HHG in the water-window region.  
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